We have studied undoped Zn 1Ϫx Be x Se alloys grown by molecular beam epitaxy by photoluminescence ͑PL͒ as a function of temperature and pressure. We suggest that there are isoelectronic excitonic traps in this material. The binding energy of the isoelectronic bound excitons is deep, between 40 and 50 meV. We have also shown that the temperature and pressure dependences of the Zn 1Ϫx Be x Se PL are close to those of ZnSe. From this we conclude that the dominant excitonic recombination is of an ''effective mass'' type.
We have studied undoped Zn 1Ϫx Be x Se alloys grown by molecular beam epitaxy by photoluminescence ͑PL͒ as a function of temperature and pressure. We suggest that there are isoelectronic excitonic traps in this material. The binding energy of the isoelectronic bound excitons is deep, between 40 and 50 meV. We have also shown that the temperature and pressure dependences of the Zn 1Ϫx Be x Se PL are close to those of ZnSe. From this we conclude that the dominant excitonic recombination is of an ''effective mass'' type. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1381039͔ II-VI wide band gap semiconductors are of high interest for fabricating devices emitting light in the green and blue spectral regions. However, performance of such devices depends on the adequacy of bipolar doping of the materials and on device ''lifetime.'' Recently, the use of Be in ZnSe based alloys ͑i.e., Zn 1Ϫx Be x Se ternary alloy͒ has been suggested. 1 This improves the hardness of the material, 2,3 which is important for longer device lifetime. At the same time, relatively small beryllium concentrations are required to obtain large band gaps and material that is lattice matched to GaAs substrates. While considerable work is currently being done on ZnBeSe, so far relatively little is still known about its optical and other properties.
During formation of semiconductor alloys some of the atoms are replaced by substitutional atoms. Such a system is often described by the virtual crystal model ͑VCM͒ ͑see, e.g. Refs. 4 -6 and references therein͒. The ''original'' VCM primarily assumed a perfect lattice and an average crystal potential, but subsequent work modified these assumptions in various ways, for instance including fluctuations due to compositional disorder ͑see, e.g., Refs. 7 and 8 and references therein͒. In general, these models predict a variation of band gap with alloy composition, with examples for II-VI materials shown, for instance, in Refs. 7 and 9. It has, however, been found that this model works reasonably well if the electronic properties of the two alloy constituents are fairly similar, but if there are large differences in electronegativity and/or size there can be, instead, formation of a localized ͑isoelectronic͒ level, which can then result in formation of an ''isoelectronic bound exciton'' ͑e.g., Ref. 4 and references therein͒. This type of level has been observed in a number of systems 4, [10] [11] [12] [13] [14] [15] [16] with the best-known example being GaP:N. Until very recently 16 all such systems involved disorder on the anion site. Furthermore, one would expect that formation of localized levels would preclude a change in the band gap, i.e., a given material could not show both a change in the band gap with alloy composition and the formation of localized levels. 17 It is also worth noting that although the Be is on the cation site, which as mentioned, has only one report of isoelectronic excitons, the actual center here appears due to complexes ͑see below͒.
In the present letter we report on photoluminescence ͑PL͒ of ZnBeSe alloys at low Be concentrations. Interestingly, the PL data give good evidence for both a change in the band gap and an isoelectronic bound exciton. Since, we doubt that a simple substituent can give both effects, we hypothesize that the isoelectronic center results from Be complexes.
Our samples were nominally undoped samples grown by molecular beam epitaxy ͑MBE͒. For the details of the growth procedure see Guo et al. 18 All the samples showed similar PL. The dominant feature in all cases consists of a strong fairly sharp line ͑sometimes consisting of two peaks, with a splitting less than 3 meV͒ in the near band edge region ͓Fig. 1͑a͔͒. Additional features are several weaker lines on the low-energy side, and in most of the samples two lines on the high-energy side ͓Fig. 1͑b͔͒. We attribute the peaks on the low-energy side to phonon replicas of the main peak͑s͒. We have previously attributed the latter two peaks to free excitons, 19 with their location giving the excitonic band gap. Such peaks were observed in all but one of the samples we examined; they have the highest energy of all observed peaks and it is well known that nonpseudomorphic epitaxial ZnSe layers show two free exciton peaks. 20 Furthermore, the energy position of these peaks depends on Be composition. If one plots peak energies as a function of the Be concentration one can obtain a smooth extrapolation to the ZnSe values.
band edge (40-50 meV from the free exciton peaks͒, and does not shift with excitation intensity it is likely excitonic emission. 21 However, 40-50 meV is actually quite deep for an exciton and there are very few reports of such deep excitons. To obtain a better understanding of this we carried out further studies on the PL as a function of temperature and pressure. Figure 2 shows the energy of the dominant PL peak as a function of temperature. The PL clearly follows the general temperature dependence of the band gap of semiconductors. 22 From a fitting of the experimental data for several samples ͑the solid line in Fig. 2͒ to Varshini's formula
we obtain ␣ PL ϭ(9.0Ϯ0.7)ϫ10 Ϫ4 eV/K and ␤ PL ϭ(365 Ϯ5) K, which are very close to those obtained earlier for ZnSe. 24, 25 This suggests that this line, while relatively deep, is of an ''effective mass'' type. 26 The PL was also studied under hydrostatic pressure in a diamond anvil cell within a closed cycle refrigerator system. ͑For the specifics of the setup see for example Kim et al. 14 and references therein.͒ The spectra obtained at different pressures at 11 K are shown in Fig. 3͑a͒ . The energy position of the dominant peak as a function of applied pressure is plotted in Fig. 3͑b͒ . It is well known that if the PL is due to an effective mass type defect, the spectrum will shift to higher energy with pressure coefficients close to those of the band gap. 26 Fitting the data ͓Fig. 3͑b͔͒ to a quadratic dependence of the PL energy on the applied pressure ( P) Thus, both temperature and pressure studies show effective mass behavior even though the exciton is deep. 29 This suggests that Be ͑or rather, as discussed earlier, more probably a complex of Be͒ introduces an isoelectronic trap. Since the Be atom is substantially smaller ͑about 30%͒ than Zn it is quite probable that Be will introduce a short-range potential which would lead to the formation of an isoelectronic trap. 12, 30 Moreover, since the ionization energy of Be is slightly smaller than that of Zn, according to the theory of Hopfield et al. 11 this would lead to having the trap capture a hole first, with an electron then captured via the Coulomb attraction, i.e., there is formation of an isoelectronic donor. Such a donor is expected to be effective mass like 11 and the observed effective mass behavior proves that this is indeed the case.
The above suggestion of an isoelectronic exciton is also consistent with our other observations. Thus, the line is too deep to be due to excitons bound to accidental donors or acceptors in ZnSe. Moreover, in view of the high-purity MBE growth one would not expect much in the way of other impurities, particularly not in concentrations sufficient to give a strong line. Finally, the model also explains the ''rich'' phonon structure ͓Fig. 1͑b͔͒. It is significant that the selection rules for electron-phonon interactions are relaxed for isoelectronic donors, 11 and one may observe not only phonon replicas due to longitudinal optical ͑LO͒ phonons, but also those due to transverse optical ͑TO͒ phonons or to both. We believe that the peak at 2.838 eV is due to a TO phonon while the one at 2.806 eV is due to TOϩLO phonons. 31 Furthermore, since the momentum conservation law is relaxed for bound excitons ͑even more so for isoelectronic bound exciton due to stronger binding͒, 32 excitons can also couple to acoustic phonons ͑see, Ref. 15͒, which can make an isoelectronic spectrum quite rich ͓Fig. 1͑b͔͒.
Both temperature quenching and pressure experiments strongly suggest that the dominant transition from undoped ZnBeSe is due to an effective mass bound exciton. We hope that this, as well as the implication that Be complexes are involved, will stimulate some first principle calculations on this interesting system. In summary, we have shown that deep bound excitons in undoped ZnBeSe are of the effective mass type, and thus should be of isoelectronic origin. We suggest that these excitons are bound to Be related complexes. We also determined the pressure coefficients for ZnBeSe at low Be concentrations.
The authors would like to thank Dr. T. Kennedy and Dr. E. Glaser of the Naval Research Laboratories for the ODMR measurements. They would also like to acknowledge support from NSF ͑Grant No. DMR-98-05760͒ for this work as well as MRSEC ͑Grant No. DMR-98-09687͒ and JSEP ͑Grant No. DAA-G55-97-1-0166͒ for the pressure experiments.
